Introduction {#Sec1}
============

Air pollution is a front running cause for premature deaths globally (Balakrishnan et al. [@CR2]; Cohen et al. [@CR8]; Tong [@CR37]; Nair et al. [@CR28]). It affects human health in multiple ways. Some of the associated impacts are less severe, like respiratory infections, while others can be as deadly as lung cancer, strokes, and chronic obstructive pulmonary disorder (Balakrishnan et al. [@CR2]; Cohen et al. [@CR8]). Particulate matter (PM) contributes significantly to the global burden of air pollution-related diseases (Shamsipour et al. [@CR34]; Anenberg et al. [@CR1]); the PM can act as a carrier to transmit multiple infectious microorganisms, which have a serious impact on immunity, increasing susceptibility to varied diseases (Kim et al. [@CR21]; Tong [@CR37]; Wang et al. [@CR40]; Bherwani et al. [@CR3]). The present era of globalisation has expanded the limits of travel, business, lifestyle, industrial activities, and many others (Fenger [@CR11]). People of urban areas are trying to persuade their lifestyle patterns to the global standards, thereby stressing an increased pace of human resource consumptions with rapid urbanisation (UNPD [@CR39]). The ever-growing developmental activities are adding demands for more facilities, leading to increased activities in terms of on-road vehicles, residential complexes, and urban centres (Wang et al. [@CR41]). All these developments are continuously increasing the strain on natural assets like air, water, and land environments (Torrey [@CR38]).

Nevertheless, the air is a vital element for the survival of all living beings; hence, it is necessary to keep it clean and safe. The anthropogenic activities are a major cause of ambient air pollution due to emission of many harmful pollutants in high concentration, which are health damaging (Gautam and Hens [@CR12]; Ghorani-Azam et al. [@CR17]). Similarly, indoor air pollution is on the rise due to factors contributed by activities related to the use of the traditional ill-designed cook stove, refrigerators, biomass burning, poor ventilation, and surroundings (Gautam and Trivedi [@CR14]; Nair et al., [@CR28]; Gupta et al., [@CR19]). Due to exposure of high air pollution concentrations, people are facing severe health effects. The associated health effects may be acute or chronic, depending upon pollutant concentrations, duration, and frequency of exposure (Dutheil et al. [@CR9]; D'Amato et al. [@CR10]). The most common diseases directly associated with ambient air pollution are heart disease, strokes, COPD, lung cancer, and acute respiratory infections in children (WHO [@CR43]). On the other hand, exposure to indoor air pollution may cause respiratory illness, cancer, eye irritation, musculoskeletal injuries, etc., both in children and in adults (Mishra [@CR26]). One of the baseline effects of exposure to high air pollution concentrations is the compromised immune system of the human body (Rom et al. [@CR32]; Lee et al. [@CR22]).

Ambient air pollution is linked with an estimated 4.2 million premature deaths per year attributed to different chronic respiratory disorders, heart diseases, and lung cancer (WHO [@CR44]). The majority of the world population are living in places where the air quality standards exceed the World Health Organisation (WHO) guideline values (WHO [@CR45]). Low-income cities with high population density are further severely impacted (WHO [@CR46]). In the Asia--Pacific region, 2.3 billion people are exposed to these high levels of air pollution, especially in China and India (Pawankar [@CR30]). In India, for the year 2017, on an average 1320 number of casualties per million of the population were attributed to indoor and outdoor air pollution, whereas globally the average death rate for the same year was reported to be about 638 per million of the population (Gurjar et al. [@CR20]). There are many air pollutants including but not limited to PM with diameters ≤ 10 µm (PM~10~) and 2.5 µm (PM~2.5~), carbon monoxide, sulphur oxides, nitrogen oxides, tropospheric ozone, and volatile organic compounds which contribute to high human morbidities and mortalities (WHO [@CR42]). Notice that PM is a major pollutant, responsible for respiratory infections, lung disease, COPD, and importantly compromised immune system (Kim et al. [@CR21]). PM~2.5~, specifically, has an impact as it passes through the respiratory system and provides high chances of getting deposited in lungs (Kim et al. [@CR21]; Li et al. [@CR23]).

The recent outbreak of coronavirus disease, termed as COVID-19, has raised global concerns and led to total lockdown in many countries (WHO [@CR47]; Gautam and Trivedi [@CR14]; Bherwani et al. [@CR4]; Wang et al. [@CR40]). The disease is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (Gautam and Hens [@CR13]). Started in December 2019 from Wuhan City of China, the virus has now reached almost every country in the world (Gautam [@CR15]). This fatal and novel coronavirus is likely to spread rapidly in humans with close contact to already infected people (Cascella et al. [@CR6]; Bherwani et al. [@CR4]). The spread of the virus may be contained by maintaining proper social distance, personal hygiene, avoiding gatherings, and visiting places like hospitals, meetings, and public transportations, which have a high risk of such virus contamination (WHO [@CR48]; Bherwani et al. [@CR4]; Gautam [@CR16]). Furthermore, the transmission of the virus has been reported through the air in the form of aerosols causing widespread mortality. The current study explores the hypothesis that the dwellers of highly polluted Asian cities, having a compromised immune system, may be more susceptible to mortality linked to novel coronavirus-infected cases. With this premise, we analyse the data in nine Asian cities, where data of air pollutants (i.e. PM~2.5~ and PM~10~) and COVID-19 cases are readily available.

Methodology {#Sec2}
===========

The WHO measures the annual mean concentration for air pollution and stipulates the guidelines for the annual mean concentration of PMs. These guideline values for PM~2.5~ and PM~10~ should not exceed an annual average of 10 µg m^−3^ and 20 µg m^−3^, respectively (WHO [@CR42]). Select cities from WHO 2018 database, which are impacted by COVID-19 cases with readily available data, are selected for this work. Total of nine cities from Asia are studied, and the data matrix used for the selected cities is given in Table [1](#Tab1){ref-type="table"}. As shown in the table, amongst the nine cities, four cities are from India, three from China, two from Pakistan, and one from Indonesia. The cities have been chosen based on the availability of data on COVID-19 cases and pollutants. Also, these cities have been less reported and studied w.r.t. COVID-19 links with air pollution and were not among the cities with the highest reported cases in the respective countries. These cities are amongst the top 500 most polluted cities in the world with respect to PM~2.5~ (CBS News [@CR7]). The WHO database covers the data for ten years from 2007 to 2016, reporting annual mean values for the cities. As seen in the table, the average PM~2.5~ and PM~10~ exceed the WHO guidelines by severalfold, thereby impacting health. The percentage mortality per unit reported case is calculated in Table [1](#Tab1){ref-type="table"} by dividing the number of COVID-19-related deaths by the total number of reported cases as on 2 July 2020. This suggests that people in these regions have been continuously exposed to high pollution levels, which must have compromised their immune systems (Xing et al. [@CR49]).Table 1Data on air pollution level and COVID-19 cases in nine Asian citiesNo.CityCountryAir pollution parameters---annual mean (µg m^−3^)Data as on 2 July 2020Percentage mortality per reported COVID19 cases (death/cases × 100)PM~2.5~PM~10~Reported casesReported deaths1DelhiIndia14329289,80228033.1212NagpurIndia84861582150.9483KanpurIndia1733191207524.3084IslamabadPakistan6621713,1951291.0535LahorePakistan6819839,5127051.7846JakartaIndonesia455911,8236385.3967TianjinChina6910319831.6678GuilinChina47649811.0209HebeiChina7312834961.719

There have been many approaches used by various researchers to study the impact of air pollution on the compromised immune system of the people including remote sensing to analyse the spatiotemporal spread of air pollution, modelling to predict the concentration of air pollution vis-à-vis morbidity and mortality of individuals. Other primary approaches include clinical trials and dose--response studies. In the current study, we are using statistical tools to establish the relation. The pollution data for each city are analysed in relation to the number of deaths (mortality) per unit reported case. This normalisation (deaths per unit reported case) will factor out the clinical spread of the virus and only relate to the additional number of deaths related to other factors, mostly compromised immune system which has a direct relation to air pollution. The statistical analysis is performed on the data in Table [1](#Tab1){ref-type="table"} using a linear regression model to establish the relationship between air pollution parameters (PM~2.5~ or PM~10~ concentrations) and the response variable (percentage mortality per unit reported cases). The analysis is performed using a single air pollution parameter at a time, as these air pollution parameters are neither mutually exclusive nor independent. The general linear regression model represented as a straight line as depicted by Eq. ([1](#Equ1){ref-type=""}) (Montgomery et al. [@CR27]):$$\documentclass[12pt]{minimal}
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                \begin{document}$$Y = mX + C + \varepsilon$$\end{document}$$where *Y* is the response variable, *m* is the slope, *X* is the model input variable, *C* is the model constant or the intercept, and *ε* is the model error. The model regression coefficients, *m* and *C*, are computed using the least square method by minimising the sum of squared residuals (Montgomery et al. [@CR27]; Bower [@CR5]; Raj et al. [@CR31]). The model variable *X* is assumed to be normally distributed with equality of variance for every observation. In the present analysis, the term *X* (i.e. air pollution parameters) is modelled using the logarithmic transformation, which makes a reduction in the skewness of the data set. The model error term (*ε*) is the difference between the actual response and predicted response, which is computed using the best-fit regression model. The error term is assumed to have zero mean and is uncorrelated (Montgomery et al. [@CR27]).

Analysis of variance on the regression model is performed to quantify the strength of the relation of air pollution parameter on the response variable, which is depicted by the *R*^2^ value. All the analysis and computation are performed at a confidence interval (CI) of 95% using Minitab 14 (Minitab Inc., [@CR25]).

Results {#Sec3}
=======

The linear regression model on the response variable is fitted with respect to the two air pollution parameters, PM~2.5~ and PM~10~. Table [2](#Tab2){ref-type="table"} depicts the regression model coefficients and associated standard errors (SE) for the regression coefficients. It is observed that PM~2.5~ has the significant impact on the response variable, i.e. percentage mortality per reported COVID-19 cases (*p* \< 0.05 at CI: 95%); however, PM~10~ does not show any significant impact of the response with *p* = 0.118. It is observed that the mortality rate is positively correlated with both the air pollution parameters, as PM can act as a carrier to transport the coronavirus aerosols, suspended in air and water media, into the respiratory tract of the humans and transmitting infections.Table 2Linear regression models for a percentage of mortality per reported COVID-19 casePredictorsCoefficientSE Coef*TP*PM~2.5~ (µg m^−3^)Constant − 8.5184.116 − 2.070.077log~10~ (PM~2.5~)5.7472.1692.650.033PM~10~ (µg m^−3^)Constant − 4.563.899 − 1.170.281log~10~ (PM~10~)3.2261.8111.780.118

The analysis of variance on the regression model is given in Table [3](#Tab3){ref-type="table"}. From the table, it can be inferred that the percentage mortality per reported COVID-19 cases is correlated significantly with PM~2.5~ (*R*^2^ = 50.1% and *R*^2^ Adj = 42.9%) than with PM~10~ (*R*^2^ = 31.2% and *R*^2^ Adj = 24.1%). Given the limited data set, it is not recommended to predict the mortality rate based on the developed regression model.Table 3Analysis of variance (ANOVA) for the linear regression modelSourceDFSSMSFPPM~2.5~Regression110.16710.1677.020.033Residual error710.1391.448*S* = 1.20350 Press = 17.1597 *R*^2^ = 50.1% *R*^2^ (adj) = 42.9%PM~10~Regression16.3336.3333.170.118Residual error713.9731.996*S* = 1.41283 Press = 22.7084 *R*^2^ = 31.2% *R*^2^ (adj) = 21.4%

Figure [1](#Fig1){ref-type="fig"} represents the best fit line plot for the model parameters with the 95% CI. Also, due to limited data points and absence of replicates, lack of fit test based on pure error could not be performed. It can be seen from Fig. [1](#Fig1){ref-type="fig"} that PM~2.5~ has closely distributed to the best fit line (CI 95%) as compared to PM~10~. The results are consistent with the fact that PM~2.5~ is respirable, and these particles can enter into the lungs and directly impact human health. The model error (or residuals) is shown in Fig. [2](#Fig2){ref-type="fig"} through a normal probability plot. The residuals are in close agreement with the normal distribution line, which confirms the above fact stated with reference to Fig. [1](#Fig1){ref-type="fig"} and that the model adequacy and hence the equality of variance at modelled observation hold true.Fig. 1Linear regression fitted line plots for **a** PM~2.5~ and **b** PM~10~Fig. 2Normal probability plot depicting residual for **a** PM~2.5~ and **b** PM~10~

The counter-plot for the percentage mortality per unit reported cases is depicted in Fig. [2](#Fig2){ref-type="fig"}. From the contour-plot, it can be observed that the low level of pollution will aid in reducing the mortality rate among reported COVID-19 cases. However, the contour is skewed towards the *y*-axis: PM~2.5~, indicating a higher impact of the PM~2.5~ parameters on mortality rate than that of PM~10~. It is important to note here that PM~2.5~ impacts more on the human body as it infiltrates within the human body as compared to the restrictive pathway of larger PM~10~ particle. The correlation also supports that PM~2.5~ is better correlated with the response factor, proving that air pollution is positively affecting the mortality of COVID-19 cases (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Contour plot for the percentage of mortality per unit reported cases with respect to PM~2.5~ and PM~10~

Discussion {#Sec4}
==========

Air pollution exposure beyond the prescribed limits has always been harmful to humans and the ecosystem at large. Right from minor respiratory problems to deadly diseases like cancers, air pollution is one of the major drivers of mortality globally. The air pollution data for the select cities depicted the PM~2.5~ and PM~10~ concentrations multifold higher than the WHO guideline values. The nine cities of Asia have been investigated in relation to COVID-19 reported mortalities. In view of the examined statistical observations, within the framework of the available data sets, it can be inferred that there exists a relationship between expsoure to high level of air pollutant in a region, over long time periods and increased reported deaths related to COVID-19. With the established correlations, it can be inferred that continuous exposure to undesirably high pollutant concentration must have impacted the immune system of the regional population. This is further supported by the fact that percentage mortality per unit reported COVID-19 case is significantly correlated with PM~2.5~ (*p* \< 0.05), which is responsible for most of the air pollution-related deaths around the world and have a profound impact in comparison with PM~10~.

Given the results, it can be concluded that air pollution is acting as a hidden element in exasperating the impact of COVID-19. In view of COVID-19 mortality rate associated with the air pollution, it becomes essentially important that people residing in cities with a higher level of air pollution should be more vigilant and take necessary steps to boost up their immune system, to avoid falling prey to this hidden cause of mortality. This poses a challenge to the already struggling health care systems of the respective countries affected by COVID-19. There is a necessity to identify the hot pockets of air pollution-affected cities and add layered protection in terms of boosting the immunity of the individuals. The findings of the study can help in guiding the health ministries of respective nations around the world to provide additional safety guidelines for highly polluted cities and prescribe immunity-boosting medicines. In India, the Ministry of AYUSH suggests Homeopathic and Unani medicines for boosting the immunity of the people which is a welcoming step in this direction. Furthermore, the use of mask may also cut down the exposure to SARS-CoV-2, given that the virus-carrying aerosols are in the range of 1--5 μm range. Therefore, the use of mask, especially catering to PM~2.5~ or below, becomes critical in such highly polluted cities to reduce the impact of air pollution, thereby reducing the risk associated with COVID-19.

Theoretically, on the basis of the above research, the analysis should hold true for cities of developed countries as well; however, developing countries have special challenges when it comes to fighting COVID-19. A vital aspect is the living standards of developing countries. As these countries are already facing challenges on their livelihood front, adapting to the new enemy of COVID-19 becomes additional stress. The Information--Education--Communication (IEC) about the preventive measures, to mitigate the spread of the virus, to the remotest parts, is taxing and faces ground-level implementation and monitoring challenges. Effective IEC, through right stakeholders' engagement, encouraging socially distanced public participation, may prove beneficial and pave the way in mitigating the virus spread, faced by these countries.
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